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Abstract. The quest to have both which-path knowledge and interference fringes in a double-slit experiment
dates back to the inception of quantum mechanics (QM) and to the famous Einstein-Bohr debates. In this
paper we propose and discuss an experiment able to spy on one photon’s path with another photon. We
modify the quantum state inside the interferometer as opposed to the traditional physical modification of
the “wave-like” or “particle-like” experimental setup. We are able to show that it is the ability to harvest
or not which-path information that finally limits the visibility of the interference pattern and not the
“wave-like” or “particle-like” experimental setups. Remarkably, a full “particle-like” experimental setup is
able to show interference fringes with 100 % visibility if the quantum state is carefully engineered.
PACS. PACS-key describing text of that key – PACS-key describing text of that key
1 Introduction
Discussions about the wave-particle duality and the counter-
intuitive features of quantum mechanics started almost a
century ago with the famous Einstein-Bohr debates [1].
It was generally accepted that the loss of interference in
a two-slit experiment is a consequence of the perturbation
induced by the measuring device [2], perturbation lower
bounded by the Heisenberg uncertainty principle. Bohr [3]
was the first to realize that Quantum Mechanics is more
subtle than this “observation caused disturbance induces
the uncertainty” dictum and his Complementary Princi-
ple refined the so-called wave-particle duality to a new
level. The detailed quantum mechanical treatment of Ein-
stein’s recoiling slit experiment was done by Wootters and
Zurek [4]. The authors also discuss the partial which-path
knowledge and the reduced contrast of the interference
fringes, thus bringing a quantitative discussion to Bohr’s
complementarity principle. The inequality K2 + V 2 ≤ 1
(where K quantifies the which-path information and V
the interference fringe visibility) was successively refined
and discussed by many authors [4,5,6,7,8].
A couple of decades after Bohr’s proposal, Wheeler [9,
10] introduced the idea of delayed-choice experiment. In
his original Gedankenexperiment one could decide to re-
move or not the second beam splitter in a Mach-Zehnder
interferometer (MZI) after the light quantum left the first
beam splitter. This delayed choice decides on the “wave-
like” or “particle-like” phenomenon that is measured. And
if this decision is space-like separated with the passage of
the light quantum in the first beam splitter, no causal
link could exist between these two events. It took several
decades until Jacques et al. [11,12] fully tested Wheeler’s
original delayed choice proposal. However, physicists had
little doubts of its outcome and previous experiments tested
equivalent schemes. Using extremely attenuated laser light,
Hellmuth, Walther, Zajonc andW. Schleich [13] performed
such an experiment. Their results show “no observable dif-
ference between normal and delayed-choice modes of op-
eration”, as predicted by quantum mechanics. Two years
later, using single-photon states Baldzuhn, Mohler and
Martienssen [14] performed the same experiment and ar-
rived at a similar conclusion. Complementarity was also
considered with atoms scattering light [15,16,17] up to the
quantum classical boundary [18].
A new twist in this experiment arrived with the pro-
posal of Ionicioiu and Terno [19], where – in a truly quan-
tum mechanical style – the second beam splitter is in a
superposition of being and not being inserted. One can
therefore morph between “wave” and “particle” behavior
in a continuous manner. Experimental verifications fol-
lowed by Kaiser et al. [20] and Peruzzo et al. [21].
Meanwhile the new idea of Quantum Eraser was pro-
posed by Scully and Dru¨hl [22]. In fact, it was possible
to “erase” a which path information and – surprisingly –
revive the interference fringes previously washed out by
the which-path markers [23,24,25]. The original experi-
ment with emitting atoms and micromaser cavities was
deemed too difficult to implement, therefore focus was set
on equivalent optical implementations [26,27]. Even a do-
it-yourself quantum eraser has been suggested [27]. For
a review of delayed-choice and quantum eraser proposals
and experiments see reference [28].
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Using a bi-photon state to realize a quantum eraser
seems to be first proposed by Ou [29] by using two para-
metric down-converters and the “phase memory” of the
pumping beam [30]. Recently, in [31] three non-linear crys-
tals where employed to show the complementarity between
the visibility of interference fringes and the which-path
knowledge, proving that this subject is still an active re-
search topic.
In this paper we revisit and modify the experiment pro-
posed in reference [32]. The main idea – spying on photons
inside a MZI with photons leaking out of it – is thoroughly
discussed and taken one step further. We are able to show
that one does not need a quantum eraser to recover in-
terference: if the quantum state inside the MZI is care-
fully engineered so that no which-path information can
be inferred from the “leaked” photon, interference fringes
are always recovered, even in a full “particle-like” expe-
rimental setting. Similar to previous proposals [19,20], a
continuous morphing between wave-like and particle-like
behavior is also possible. This time, however, we have a
fixed experimental setup and we morph between particle-
like and wave-like behavior by modifying the input state
vector.
The paper is organized as follows. The classic sub-
ject of quantum interference and path information with
or without delayed choice in a MZI is given in Section 2.
The idea of spying on photons with photons is introduced
and discussed in Section 3. The input state is modified in
Section 4 so that the which-path information obtainable
from the inner MZI can be varied from zero to maximal.
Finally conclusions are drawn in Section 5.
2 Interference and which-path information
with a Mach-Zehnder interferometer
A Mach-Zehnder interferometer is depicted in Fig. 1. It
is composed of the beam splitters BS1 and BS2, together
with the mirrors M1 and M2. The beam splitters are as-
sumed identical and are characterized by the transmission
(reflection), coefficients T (R). Unitarity constrains imply
|T |2 + |R|2 = 1 and RT ∗ + TR∗ = 0 [33].
The delay ϕ models the path length difference of the
interferometer. Detectors D4 and D5 are placed at the
two outputs of beam splitter BS2. Throughout this pa-
per, we shall assume monochromatic light and ideal photo-
detectors.
When dealing with a balanced (50/50) beam splitter,
we shall use T = 1/
√
2 and R = i/
√
2.
If we apply a single photon Fock state at the input 1
of our interferometer, we can write the input state as
|ψin〉 = |1100〉 = aˆ†1|0〉 (1)
where aˆ†k denotes the creation operator at the port k. After
the first beam splitter, the state vector can be written as
[33]
|ψ23〉 = R|1203〉+ T |0213〉 (2)
M1
Fig. 1. The Mach-Zehnder interferometer. The phase shift
ϕ models a voluntarily introduced path length difference.
Wheeler’s delayed choice can be added as suggested by the
semi-transparent beam splitter BS2.
This is an entangled state [34]. Our photon is no more
in a definitive path, it is in a coherent superposition of
being in both the upper and lower paths (with probabili-
ties |R|2 and, respectively, |T |2). Using the field operator
transformation (see e. g. [33], [35])
aˆ†
1
= TR
(
1 + eiϕ
)
aˆ†
4
+
(
T 2eiϕ +R2
)
aˆ†
5
(3)
one can find right away the output state vector
|ψout〉 = TR
(
1 + eiϕ
) |1405〉+
(
T 2eiϕ +R2
) |0415〉 (4)
and if both beam splitters are balanced (50/50), we get
|ψout〉 = cos (ϕ/2) |1405〉+ sin (ϕ/2) |0415〉 (5)
where we neglected a common phase factor. The proba-
bility of photo-detection at, say, detector D4 is simply
P4 = |〈1405|ψout〉|2 yielding
P4 = cos
2 (ϕ/2) =
1 + cos (ϕ)
2
(6)
We recognize here the well-known interference fringes, ha-
ving 100 % visibility. We had no which-path knowledge
whatsoever, therefore following Feynman’s rules the (com-
plex) amplitudes corresponding to the two paths are added
up, yielding this interference phenomenon.
Starting from equations (1)–(4) we can define the which-
path information as
K =
∣∣|T |2 − |R|2∣∣ (7)
and the interference fringe visibility
V = 2|T ||R|. (8)
and a short computation yields immediately K2+V 2 = 1.
As a final remark, equation (2) states that our single
photon is in a coherent superposition of being in both
arms at the same time. This is not just a metaphor and
one could easily convince oneself by changing the input
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state so that the state vector after the beam splitter BS1
becomes e. g.
|ψ23〉 = |1203〉 (9)
This time our light quantum is definitely in the upper
arm of the interferometer, however it is a simple exercise
to show that with this modification no interference can be
expected from our MZI.
Delayed choice can be added in the spirit of Wheeler
[9], where the decision to insert or not the second beam
splitter is delayed so that there is a space-like separation
between the passage of our light quantum through BS1
and the insertion/removal of BS2. Experimental results
are unambiguous [11,13,14]: there is no difference between
“normal” and “delayed choice” modes, therefore there can
be no decision taken beforehand by out light quantum.
One can even continuously morph between “wave” and
“particle” behavior [19], results [20,21] impossible to ex-
plain with classical or hidden variable theories.
One could still speculate if there is a way of spying
on the photons without disturbing them. The answer is
positive and in the following we modify the experiment
from Fig. 1 and show that this action – spying on the
photons – is realistic and realizable.
3 Spying on photons with photons
The experimental setup from Fig. 1 is modified in the
following way: the mirrors M1 and M2 are replaced by
the beam splitters denoted BS3 and BS4. Therefore, pho-
tons may “leak” through these beam splitters (by trans-
mission), bringing therefore with them (under certain cir-
cumstances) the which-path information. To make the ex-
periment more versatile, these “leaked” photons can be
brought together into a new beam splitter, denoted BS5.
Instead of inserting or not with a delayed choice this beam
splitter, we assume that its (transmission and reflection)
parameters can be modified at will.
We end up with the experimental setup depicted in
Fig. 2. This time, at the two inputs of the beam splitter
BS1 we apply the state
|ψin〉 = |1011〉 = aˆ†0aˆ†1|0〉 (10)
i.e. two simultaneously impinging single-photon Fock states.
If the beam splitter BS1 is balanced, the wave vector at
its output is
|ψ23〉 = i√
2
|2203〉+ i√
2
|0223〉 (11)
This fact is central to the whole experiment. Equation
(11) implies that if, for example, one photon is detected
in the lower arm, then with certainty the other one is in
the same arm, too. Therefore, one photon can be forced
to interfere with itself while the other one can be used as
which-path marker.
Beam splitters BS1 through BS4 are assumed to be
balanced. The beam splitter BS5, is characterized by the
transmission (reflection) coefficients Tw (Rw). Moreover,
M1
BS4
BS3
Fig. 2. Replacing the two mirrors from Fig. 1 with beam
splitters so that photons can “leak” outside, brings us to the
new experimental setup. The outer MZI has the beam splitter
BS5 characterized by the transmission (reflection) coefficient
Tw (Rw). These parameters can be chosen in a delayed-choice
manner.
we assume that these coefficients can be chosen at any mo-
ment (delayed choice). For example, if Tw = 1 (Tw = 0) we
have a configuration where the path from the mirror M1
leads directly to the detector D6 (D7). We have therefore
maximum which-path knowledge. If Tw = 1/
√
2, a photon
detected at D6 (or D7) could have come with equal like-
lihood from any path, therefore we have zero which-path
information.
Starting from the input state (10) and applying the
field operator transformations (see details in Appendix A)
takes us to the output state vector
|ψout〉 = |ψinner〉+ |ψcross〉+ |ψouter〉 (12)
where |ψinner〉 is the part of the wavevector corresponding
to both photons being inside the inner MZI, |ψcross〉 cor-
responds to the part of the wavevector where one photon
is inside the inner MZI and the other one inside the outer
one etc. The interesting part is found in |ψcross〉 and we
have
|ψcross〉 = −Tw + iRwe
iϕ
2
√
2
|1416〉 − iTwe
iϕ +Rw
2
√
2
|1417〉
− iTw +Rwe
iϕ
2
√
2
|1516〉 − Twe
iϕ + iRw
2
√
2
|1517〉 (13)
One could focus on one of the coincidence detections e.g.
at detectors D4 and D6,
P4−6 = |〈1416|ψout〉|2 = |〈1416|ψcross〉|2. (14)
We shall introduce a parameter ε ∈ [0, 1] characterizing
the beam splitter BS5 and we make the choice Tw = ε
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and Rw = i
√
1− ε2. Therefore, after a short computation
equation (14) becomes
P4−6 =
1− 2ε√1− ε2 cos (ϕ)
8
(15)
For Tw = 0 (or Tw = 1) the which-path information of the
inner photon is known with certainty through the outer
one detected at D6. The coincidence probability now gives
P4−6 =
1
8
(16)
As expected, all interference is gone. On the other hand
maximum uncertainty on the path taken by the photon
in the inner MZI is obtained when BS5 is balanced (ε =
1/
√
2) yielding in this case
P4−6 =
1− cos (ϕ)
8
(17)
i.e. interference fringes with 100% visibility. For other val-
ues of ε one has partial information about the path quan-
tified by
K =
∣∣|Tw|2 − |Rw|2
∣∣ = |2ε2 − 1| (18)
and interference fringes with a visibility given by
V = 2|Tw||Rw| = 2ε
√
1− ε2. (19)
It is easy to show that we have
K2 + V 2 = 1 (20)
for all values of ε and we obtained again the extreme case
of the well-known inequality quantifying the duality be-
tween which-path information and interference [4,5,6,7,
8].
The coincidence counts probability P4−6 (ϕ, ε) at de-
tectors D4 and D6 is plotted in Fig. 3. As it can be seen,
we can continuously morph from “particle-like” to “wave-
like” behavior by modifying the transmission parameter ε
of the beam splitter BS5.
The interesting point about this experiment is that the
detection event at D4 can take place much earlier than
the detection event at D6, one can even make these event
space-like separated, therefore any interpretation of pilot
waves or other signals travelling both routes in the inner
interferometers are simply not tenable. The decision of
what aspect (wave, particle or a little of both) to watch is
taken much later, long after the photon in the inner path
has been detected and destroyed. The decision what to
measure is in the hands of the experimenter.
It is noteworthy that ignoring the inner detectors and
focusing on singles detections at, say, D6 or D7 will show
no interference (see computational details in Appendix B).
4 Varying the which-path information with a
modified input state
The previous section ended with the conclusion that spy-
ing on the photon from the inner MZI with 100% certainty
0
0.5
1
0
0.5
1
0
0.05
0.1
0.15
0.2
0.25
BS5 transmissivity parameter (ε
2)inner MZI phase shift /pi
particle−like
wave−like
Fig. 3. The coincidence probability at D4 andD6 as a function
of the path length difference ϕ and the “delayed choice” beam
splitter BS5 parameter ε
2. As ε goes from 0 through 1/
√
2 to 1
we go from maximum particle-like through maximum wave-like
and back again to maximum particle-like behavior.
prevented us to observe interference effects. As stated ear-
lier, the crucial point in our experiment was given by equa-
tion (11). Namely, we had absolute certainty that if one
photon is in one arm of the interferometer, the other one
will be there, too.
There is another state that is interesting in this re-
spect, namely the input state
|ψ′in〉 =
1√
2
(|2001〉+ |0021〉) (21)
yielding after the beam splitter BS1 the state vector
|ψ′23〉 = i|1213〉 (22)
This time we also have absolute certainty that if one pho-
ton is detected in one arm, the other one will be in the
opposite arm. Using the same principle as before, we find
|ψ′out〉 = |ψ′inner〉+ |ψ′cross〉+ |ψ′outer〉 (23)
where |ψ′cross〉 is given by
|ψ′cross〉 = −
iTwe
iϕ +Rw
2
√
2
|1416〉 − Tw + iRwe
iϕ
2
√
2
|1417〉
−Twe
iϕ + iRw
2
√
2
|1516〉 − iTw +Rwe
iϕ
2
√
2
|1517〉 (24)
Computing again the coincidence probability
P4−6 = |〈1416|ψ′out〉|2 = |〈1416|ψ′cross〉|2 (25)
takes us to
P4−6 =
1 + 2ε
√
1− ε2 cos (ϕ)
8
(26)
The same conclusions from the previous section apply.
One could therefore conclude that we have a “particle-
like” setting, namely for Tw = 0 or Tw = 1 yielding again
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the result from equation (16) and a “wave-like” setting for
Tw = 1/
√
2 yielding
P4−6 =
1 + cos (ϕ)
8
(27)
In the following, we will show that this is actually an
incomplete picture. By simply changing the input state,
we shall render useless this classification.
The state vector |ψ23〉 from equation (11) guaranteed
us that the two photons are always in the same arm of
the interferometer right after BS1 while |ψ′23〉 from equa-
tion (22) guarantees us that the two photons are never in
the same arm. We could erase (partially or totally) this
information by preparing an input state that is a coherent
superposition of being both in |ψin〉 and in |ψ′in〉. There-
fore, we define
|ψ′′in〉 = α|ψin〉+
√
1− α2|ψ′in〉 (28)
and after the beam splitter BS1 we have the state vector
|ψ′′
23
〉 = α|ψ23〉+
√
1− α2|ψ′
23
〉 (29)
with α ∈ [0, 1]. Using the same technique as before we can
compute the output state vector |ψ′′out〉. One can obtain
now the coincidence probability at the detectors D4 and
D6 as
P4−6 = |〈1416|ψ′′out〉|2 = |〈1416|ψ′′cross〉|2
=
1− 2α√1− α2 sin (ϕ) + 2 (1− 2α2) ε√1− ε2 cos (ϕ)
8
(30)
where |ψ′′cross〉 = α|ψcross〉 +
√
1− α2|ψ′cross〉. We have
now the path-related information
K = |2α2 − 1|∣∣|Tw|2 − |Rw|2
∣∣ = |2α2 − 1||2ε2 − 1| (31)
and the visibility of the interference pattern
V = 2
√
α2 (1− α2) + (2α2 − 1)2 |Tw|2|Rw|2
= 2
√
α2 (1− α2) + (2α2 − 1)2 ε2 (1− ε2) (32)
One can easily check that equation (20) is again satisfied
for any α and ε. The least which-path information about
the inner MZI photon that can be harvested by a detection
with a “leaked” photon at D6 (or D7) from the state |ψ′′in〉
is obtained for α = 1/
√
2. In this case the coincidence
count probability given by equation (30) becomes
P4−6 =
1− sin (ϕ)
8
(33)
It is worthwhile to note that this time the coincidence pro-
bability is wave-like and does not depend on Tw (Rw). This
can be coupled by the fact that no which-path information
can be extracted from equation (28) when α = 1/
√
2 (as
proven by the fact thatK = 0 in this case). Therefore, is it
quite remarkable that the photon from the inner interfer-
ometer is willing to show us an interference pattern with
0
0.5
1
0
0.5
1
1.5
2
0
0.05
0.1
0.15
0.2
0.25
BS5 transmissivity parameter (ε
2)inner MZI phase shift /pi
maximum wave−like
partial particle−like/
partial wave−like
Fig. 4. The coincidence counts probability P4−6 at D4 and
D6 as a function of the path length difference ϕ and the beam
splitter BS5 parameter ε
2 for α = 0.9. There is no more a clear
“particle-like” behavior as in Fig. 3.
100% visibility, no matter if we insert or not the beam
splitter BS5. It is equally remarkable that in this case the
single detection probability P4 at the detector D4 shows
the same behavior.
In Fig. 4 we plot the coincidence counts probability
P4−6 from equation (30) for α = 0.9. Since less which-
path information can be now extracted from the detection
at D6 (we have K = 0.62|2ε2 − 1|) the visibility of the
interference fringes is quite high. We can have a perfect
“wave-like” behavior for ε = 1/
√
2 (when K = 0 and
V = 1), the worst case being for ε = 0 (or ε = 1) when
V = 0.78.
5 Conclusions
In this paper reconsidered the so-called wave-particle du-
ality from a different point of view. We extended the much-
discussed simple Mach-Zehnder interferometer into two
braced interferometers. The ability to convey information
about the path taken by one photon immediately limits its
wave-like behavior, as discussed in Section 3. Contrary to
all proposed and performed experiments up-to-date, we
show that it is possible to have a constant “wave-like”
behavior of photon from the inner MZI no matter if the
beam splitter BS5 is inserted or not by simply engineer-
ing our input state vector. We conclude that there are no
pre-determined “wave-like” or “particle-like” experimen-
tal setups, it all boils down to how much information we
can extract from our system.
A Computation of the field operator
transformations
In the general case, when the beam splitters are not bal-
anced, we have the field operator transformations (see, e.
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g. [32] for a similar computation):
aˆ†
0
= R
(
T 2 +R2eiϕ
)
aˆ†
4
+ TR2
(
1 + eiϕ
)
aˆ†
5
+T (TTw +RRw) aˆ
†
6
+ T (TRw +RTw) aˆ
†
7
(34)
and
aˆ†
1
= TR2
(
1 + eiϕ
)
aˆ†
4
+R
(
T 2eiϕ +R2
)
aˆ†
5
+T (TRw +RTw) aˆ
†
6
+ T (TTw +RRw) aˆ
†
7
(35)
For the balanced case, the state operator transformations
can be written as
aˆ†
0
=
ei
ϕ
2 sin
(
ϕ
2
)
√
2
aˆ†
4
− e
i
ϕ
2 cos
(
ϕ
2
)
√
2
aˆ†
5
+
Tw + iRw
2
aˆ†
6
+
iTw +Rw
2
aˆ†
7
(36)
and
aˆ†
1
= −e
i
ϕ
2 cos
(
ϕ
2
)
√
2
aˆ†
4
− e
i
ϕ
2 sin
(
ϕ
2
)
√
2
aˆ†
5
+
iTw +Rw
2
aˆ†
6
+
Tw + iRw
2
aˆ†
7
(37)
Taking now the input state (10) and using the field op-
erator transformations (36) and (37) we end up with the
state vector given by equation (12) where |ψcross〉 is given
by equation (13) and we have
|ψinner〉 = e
iϕ sin (ϕ)
2
√
2
(|0425〉 − |2405〉)
−e
iϕ cos (ϕ)
2
|1415〉 (38)
and
|ψouter〉 = iT
2
w +R
2
w
2
√
2
(|2607〉+ |0627〉) + iTwRw|1617〉(39)
B Ignoring some of the detectors – the
density matrix approach
If we chose to ignore everything that happens outside the
inner interferometer, then we have to work in the density
matrix approach. Therefore, we first construct the global
density matrix ρˆout = |ψout〉〈ψout| and trace over the un-
used outputs (in this case 6 and 7), yielding the reduced
density matrix
ρˆ4−5 = Tr6,7 {ρˆout} =
∑
m,n∈N
〈m6n7|ρˆout|m6n7〉 (40)
The central question is now if one could see an interfer-
ence pattern while selecting only single counts (i.e. one
and only one detection event at either D4 or D5) in the
inner interferometer while completely ignoring what hap-
pens outside it. It is straightforward to check that this is
not the case. For example, the single count rate at detector
D4 is
P4 = Tr
{
aˆ†
4
aˆ4ρˆ4−5
}
=
1
2
(41)
The reader can easily check that we get an identical answer
by imposing one photo-count at D5 and none at D4 (and
still ignoring the outer detectors).
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